Hematopoiesis is a continuous process in which precursor cells proliferate and differentiate throughout life. However, the molecular mechani that govern this process are not clearly defined. Homeobox-containing genes, encoding DNA-binding homeodomains, are a network of genes highly conserved throughout evolution. They are organized in clusters expressed in the developing embryo with a positional hierarchy. We have analyzed expression of the four human HOX loci in erythroleukemic, promyelocytic, and monocytic cell lines to investigate whether the physical organization of human HOX genes reflects a regulatory hierarchy involved in the differentiation process of hematopoietic cells. Our results demonstrate that cells representing various stages of hematopoietic differentiation display differential patterns ofHOX gene expression and that HOX genes are coordinately switched on or off in blocks that may include entire loci. The entire HOX4 locus is silent in all lines analyzed and almost all the HOX2 genes are active in erythroleukemic cells and turned off in myeloid-restricted cells. Our observations provide information about the regulation of HOX genes and suggest that the coordinate regulation of these genes may play an important role in lineage determination during early steps of hematopolesis.
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cluster is also highly conserved throughout evolution, suggesting that the physical organization of HOX genes may be essential for their expression (11) .
HOX genes are expressed during embryogenesis in a tissue-specific and often stage-related fashion (12) (13) (14) . Several reports have recently demonstrated that some homeobox genes are expressed within the hematopoietic system, although there has been no attempt to determine whether the organization of the HOX gene clusters is reflected in patterns of gene expression (15) (16) (17) (18) (19) . Our aim has been to determine whether the physical organization of HOX genes reflects a regulatory network involved in the differentiation process of hematopoietic cells. As a first step (3, 4) . The homeobox was originally discovered in the homeotic genes responsible for segment identity in Drosophila development (5) . Subsequently, homeobox-containing genes have been found in a number of evolutionarily distant organisms including nematodes and vertebrates (6, 7) . In mice and humans, homeobox genes of the HOX family are organized in four clusters on different chromosomes that presumably evolved by duplication of a primordial gene cluster (8) (9) (10) . Strikingly, the order of genes within each MATERIALS AND METHODS Cell Lines. The K562 cell line was derived from the pleural fluid of a patient with chronic myeloid leukemia in blast crisis (20) . The OCIM2 cell line was derived from a patient with erythroleukemia, which represented the end stage of a previously identified myelodysplastic syndrome (21) . The HL60 cell line was derived from the peripheral blood of a patient with acute promyelocytic leukemia (22) . The U937 cell line was derived from a patient with a diffused hystiocytic lymphoma (23 
RESULTS
As a first step in determining whether the HOX genes might be involved in cell lineage determination, we analyzed expression of the HOX genes in erythroleukemic, promye-*To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. locytic, and monocytic cell lines representing cells of different lineages and degree of maturation. K562 and OCIM2 are erythroleukemic cells that bear surface markers of the erythroid, myeloid, and megakaryocytic lineages and differentiate along these pathways on induction with specific agents (20, 21, (26) (27) (28) . Thus they may provide a model of pluripotent cells. A more mature stage ofdifferentiation is represented by the cell line HL60, derived from a promyelocytic leukemia (22) . Surface markers and the capacity to produce either granulocytic or monocytic cells after treatment with chemical agents suggest that these cells may correspond to hematopoietic progenitors restricted to the myeloid lineage (29, 30) . U937 is a monocytic cell line derived from a hystiocytic lymphoma that, after induction with phorbol 12-myristate 13-acetate, generates elements of the monocytic lineage only (23, 31).
Poly(A)+ RNA from each cell line was hybridized by Northern blotting with probes containing the 3' untranslated region specific for each of 38 HOX genes (32-34), organized into four large clusters, HOXI-HOX4 located on chromosomes 7, 17, 12, and 2, respectively (see Fig. 3 ).
We first analyzed expression of the HOX genes in K562 cells and observed that there was very low, if any, expression of HOXI and HOX4 whereas HOX2 and HOX3 were present at much higher levels (see Fig. 1 and Table 1 ). Ofthe 11 HOXI genes only IF, at the extreme 3' end of the locus, showed two appreciable transcripts of 1.7 and 2.2 kilobases (kb) (see Fig.  2 ). The four genes at the 5' end of the locus, IJ, II, IH, and IG, were not expressed and the others (JA-JK) were barely detectable (Table 1 ). Conversely 8 of 9 genes of the HOX2 locus were expressed although with different intensities. The expression pattern of HOX2 and HOX3 genes in K562 cells is illustrated in Fig. 1. HOX2E , 2C, 2F, and 2H were the most highly expressed. With probes specific for HOX2E and HOX2H transcripts of 2.4 and 1.6 kb, respectively, were detected. HOX2C revealed the relatively abundant 1.6-and 1.4-kb mRNA species previously described in other tissues. HOX2F exhibited an intense 2.3-kb band with a minor 2.9-kb band. HOX2G was expressed at lower levels and with multiple transcripts of 3.4 kb and higher molecular weight. 
The majority of HOX3 genes were also expressed in K562 cells. HOX3G and HOX3F showed relatively abundant single-transcript classes of 2.2 and 2.6 kb, respectively. HOX3H was barely detectable while HOX3I exhibited two transcripts of 1.9 and 1.7 kb. Most transcripts of HOX3 genes from 3B through 3E detected in these cells correspond to those observed in other tissues. Although four mRNA species of HOX3E have been described in human embryos (35), we detected only the 2.4-and 1.8-kb transcripts in K562 cells. Analysis ofHOX gene expression in another erythroleukemic cell line, OCIM2, indicated that the general trend was the same as that in K562 cells and only minor differences were detected. In contrast, a significantly different pattern ofHOX gene expression was observed in HL60 and U937 cells. Overall these myeloid-restricted cell lines expressed high levels of the 5' genes of the HOXI and the 3' genes of the HOX3 loci, whereas virtually all the HOX2 and HOX4 genes were silent. Table 1 summarizes the expression of the 38 genes in K562, OCIM2, HL60, and U937 cells.
The expression of some relevant HOX genes in the four cell lines is compared in Fig. 2 . HOXIJ, II, and IH were either not expressed or were barely detectable in erythroleukemic cell lines whereas they were expressed in HL60 cells and more intensively in U937 cells. HOXIG was not expressed in HL60 cells and in the erythroleukemic lines; in contrast, it was intensively expressed with a 2.8-kb and a more abundant 1.9-kb transcript in the monocytic cells.
HOXIJ exhibited multiple sized transcripts, the prevalent ones being 5.0, 3.2, and 2.3 kb in length while the minor ones were 8 and 2.8 kb long. Two transcripts of2.3 and 2.0 kb were detected with the HOXII probe, and the HOXIH probe revealed the presence of one 2.0-kb transcript class in OCIM2 cells and an additional 2.4-kb mRNA in HL60 and U937 cells. The higher molecular weight band seems to be at different intensity in the two myeloid cell lines. As in K562 cells, expression of the HOXIA-IK genes was barely detectable in HL60 and U937 cells whereas IF showed two transcripts. All the HOX2 genes appeared to be silent in the myeloid lines whereas they were highly expressed in the erythroleukemic cells. The four genes at the 3' end of the HOX3 locus, 3A, 3C, 3D, and 3E, are expressed in all the cell lines analyzed. However varying degrees in the expression of the 5' HOX3 genes were observed.
The HOX3G-3B genes, well expressed in the erythroleukemic lines, were expressed at low levels in HL60 cells and were barely detectable or undetectable in the monocytic cell lines. The entire HOX4 locus was everywhere silent with the exception of the HOX4I gene, which was selectively expressed in OCIM2 and HL60 lines. Further investigation will be necessary to understand this observation.
The expression patterns of the 38 homeobox genes in the cell lines analyzed are summarized in Fig. 3 . It appears that during myeloid differentiation the 4 most 5' HOXI genes are switched on whereas 8 genes belonging to HOX2 and the five genes located at the 5' end of HOX3 are switched off. No variation is observed with regard to 3' HOX3 genes, which are active in all the cell lines, and to the HOXIA-K and the HOX4 genes, which are everywhere either silent or barely detectable. The three genes IF, 21, and 4I located at the extreme 3' end of HOXI and HOX2 and at the far 5' end of HOX4 represent somehow special cases.
DISCUSSION
Our results demonstrate that cells representing various steps of hematopoietic differentiation display differential patterns of HOX gene expression and highlight that HOX genes are switched on or off in blocks. These blocks contain a variable It is interesting to note that virtually the entire HOX4 locus is silent in all the cell lines analyzed. The undetectable expression of HOX4 genes suggests that this locus either is chr 7 not involved in hematopoiesis or that the HOX4 cluster is expressed only in a very restricted group of cells not represented in our cell lines. In summary, the results presented here suggest that the HOX gene clusters display characteristic patterns of expression in different hematopoietic cell lineages and provide an indication that the coordinate regulation of HOX genes may play an important role in lineage determination during early steps of hematopoiesis. Therefore, it will be of interest to examine the expression of the HOX gene clusters among purified populations of progenitor cells within the stem cell hierarchy.
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